In this study, we undertook a functional characterization and transcriptome analysis that enabled a comprehensive study of the mating type loci of the mushroom Schizophyllum commune. Induced expression of both the bar2 receptor and the bap2(2) pheromone gene within 6 to 12 h after mates' contact was demonstrated by quantitative real-time PCR. Similar temporal expression patterns were confirmed for the allelic bbr1 receptor and bbp1 pheromone-encoding genes by Northern hybridization. Interestingly, the fusion of clamp connections to the subterminal cell was delayed in mating interactions in which one of the compatible partners expressed the bar2 receptor with a truncated C terminus. This developmental delay allowed the visualization of a green fluorescent protein (Gfp)-labeled truncated receptor at the cell periphery, consistent with a localization in the plasma membrane of unfused pseudoclamps. This finding does not support hypotheses envisioning a receptor localization to the nuclear membrane facilitating recognition between the two different nuclei present in each dikaryotic cell. Rather, Gfp fluorescence observed in such pseudoclamps indicated a role of receptor-pheromone interaction in clamp fusion. Transcriptome changes associated with mating interactions were analyzed in order to identify a role for pheromone-receptor interactions. We detected a total of 89 genes that were transcriptionally regulated in a mating type locus A-dependent manner, employing a cutoff of 5-fold changes in transcript abundance. Upregulation in cell cycle-related genes and downregulation of genes involved in metabolism were seen with this set of experiments. In contrast, mating type locus B-dependent transcriptome changes were observed in 208 genes, with a specific impact on genes related to cell wall and membrane metabolism, stress response, and the redox status of the cell.
T
he filamentous fungus Schizophyllum commune is a widely distributed mushroom that lives saprophytically and can cause white rot on wood. It has been extensively used to study mating interactions for almost 100 years (47) . In addition to studies involving the mushroom Coprinopsis cinerea and the corn smut Ustilago maydis, the mating type genes have been extensively analyzed for this tetrapolar basidiomycete (4, 29) . The recent publication of the S. commune genome sequence enables global expression analyses (41) . During the life cycle of this fungus, compatible haploid monokaryons can mate to produce a fertile dikaryon with two nuclei per cell, one derived from each mating partner. Under appropriate environmental conditions, the dikaryon is able to form the sexual reproductive fruiting bodies (40) . While the fusion of two monokaryotic hyphae (plasmogamy) is independent of mating types, specific steps of sexual development are regulated by the mating type genes encoded in the loci A and B (25, 47) . For each of these loci, two linked, multiallelic subloci (termed ␣ and ␤) have been determined by recombination analyses (27, 49, 51, 65) . The A loci encode homeodomain transcription factors, while the B loci code for multiallelic pheromone receptors and pheromones (55, 63, 66) . Both the A and B pathways can be activated by the combination of different allelic specificities in at least one sublocus derived from each of the two mates (46, 52, 53) . Thus, for a compatible mating interaction to occur, different A and B mating types (A B ) in the partners are essential.
The migration of nuclei is triggered by the presence of different B mating types after the fusion of two compatible monokaryons and occurs reciprocally from one mating partner throughout the mycelium of the other (54) . Subsequent nuclear pairing, as well as the initiation of clamp cell development, is regulated by the A mating type. The formation of clamp cells at the septa of the developing dikaryon results in a regular distribution of the two different nuclei during mitosis within the dikaryon (4, 39) . The last step of clamp fusion is dependent on different B factors and involves Ras signaling (31, 59) . This sequence of events can be observed in semicompatible mating interactions where a heterokaryon with an activated B locus (B on or AϭB ) undergoes constant nuclear migration associated with irregular distribution of nuclei (26, 38) . This phenotype, termed flat, results in reduced aerial mycelia, malformed hyphae, and no formation of clamps (43, 48) . The second type of semicompatible mating interaction occurs with an activated A locus (A on or A Bϭ) and is evident in the formation of pseudoclamps and a die-off in the contact zone (barrage phenotype) (38, 43, 44) .
For the pheromone-receptor system encoded in the B locus of S. commune, the pheromone signaling is triggered by the interaction of nonself-pheromones with G-protein-coupled receptors (GPCRs) of class D (1, 20, 70) . All pheromone receptors of basidiomycetes belong to the Saccharomyces cerevisiae Ste3-related pheromone receptor family and bind a-factor-related lipopeptide pheromones (12, 32, 67, 64) . Multiple different cognate phero-mones capable of activating a single receptor in a multistate model of interaction have evolved in S. commune, most likely by recombination between copies of the mating type locus (15, 20) . The function of pheromone signaling is thus linked to the processes of nuclear migration, nuclear identity, and clamp fusion.
A model that links pheromone-receptor interactions to the distance between nuclei in dikaryons had been proposed. Under this model, productive interaction between non-self-pheromones and their cognate receptor occurs only when the nuclei are in close proximity to each other (60) . Another hypothesis (5) proposed that receptor localization to the nuclear envelope was necessary for detection of intracellular pheromone(s). This would necessitate an inverse orientation of the receptor within the membrane. In order to investigate the role of the pheromone receptor and to distinguish between the different models described above, receptor localization has been of great interest for a number of years. A plasma membrane localization was found for pheromone receptors in single cells of the corn pathogen U. maydis (17) . In mushroom-forming homobasidiomycetes like S. commune or C. cinerea, however, cellular localization of the pheromone receptor has not yet been determined.
The role of pheromone perception in S. cerevisiae includes both mate attraction and the formation of shmoo cells that show growth directed toward the mating partner (33) . In contrast, attraction and fusion of S. commune hyphae can be seen independent of mating type. Directional growth toward a mate has been observed at very short distances (54) . In an earlier investigation on the role of Ras in sexual development of S. commune, we demonstrated that a deletion of a Ras-specific GTPase-activating protein, ⌬gap1, results in a lack of clamp fusion in ⌬gap1 homoallelic dikaryons (59) . This uninucleate state is rescued by development of a branch, which is then able to fuse with the clamp cell after prolonged growth. We hypothesized that this situation in the mutant represents two monokaryotic cells which show clear attraction toward each other. Thus, clamp fusion in dikaryons can be viewed as a system in which mate attraction can be visualized at very short distances.
The intracellular signaling via GPCRs has been shown to be controlled by regulators of G-protein signaling (RGS) in other studies of S. commune (6, 13) . The RGS protein Thn1 negatively regulates the activity of the G-protein ␣ subunit by acting as a GTPase-activating protein (GAP) (42) . A loss-of-function mutation due to transposon integration into thn1 results in hyphae with a characteristic corkscrew morphology which are unable to accept nuclei of a compatible mating partner (13, 61) . For S. cerevisiae, RGS gene SST2 was functionally linked to mating interactions (7, 8) .
In the study presented here, we show the localization of the G-protein-coupled pheromone receptor protein in hyphal filaments of S. commune. Furthermore, we report on the role of the C-terminal region of the pheromone receptor Bar2 in mating interactions. In combination with transcriptome analyses, a comprehensive study of the pheromone-receptor system for a mushroom-forming basidiomycete is presented for the first time.
MATERIALS AND METHODS
Strains and culture conditions. The S. commune strains 4-40, 23, 684, 1792-114-10, W21, W22, W22-thin, V153-21 (B null ), 12-43, and 4-39 were obtained from the Jena Microbial Resource Center (JMRC) or the strain collection of University of Turku. S. commune receptor transformants generated in this study (Vbar2f, Vbar2t, Vbar2tG1, Vbar2tG11) and strains relevant for microarray analysis are listed in Table 1 . S. commune was routinely grown at 28°C on minimal medium (MM) (50) or complex yeast medium (CYM) (62) with 2% (wt/vol) glucose, with or without 1.8% (wt/vol) agar. Liquid cultures were shaken at 150 rpm. For RNA extraction, cultures were grown on a cellophane membrane placed on solid medium. The S. commune strains investigated by Northern blotting or quantitative real-time PCR (RT-PCR) were cultured using a modified sandwich method as described previously (67) . Interacting mycelia were grown for 3 to 72 h at 28°C before harvest. For transcriptome analysis, mycelia from a monokaryon or a mating interaction were transferred onto a cellophane membrane placed on fresh CYM plates and grown for 3 days.
Functional analysis and receptor localization. We generated the transformants that are expressing Vbar2f using a B null strain, which untransformed does not expresses mating pheromones or receptors (14) . For amplification of the pheromone receptor gene bar2f (NCBI accession number X91168.4), we used primers S1 (5=-GGATCCGCCCATTGTCC-3=) and S2 (5=-TCACACCGACGCGCGGT-3=) to produce an amplicon starting from approximately 300 bp upstream of ATG and extending to the last 17 bases of bar2 (Fig. 1) . Comparison of the last 17 bases of bar2 with those in bar1 and bar3 shows that they are identical, except for a different stop codon in bar3. The pheromone receptor gene bar2f encodes a full-length protein of 636 amino acids (aa). In addition, we generated the strain Vbar2t, which was transformed with a mutated gene encoding a -GGC TGC AGG GAT ACC CGT  ATG ATG TTC CGG ATT ACG CTG GCT ACC CAT ACG ACG TCC  CAG ACT ACG CTG GCT ACC CAT ACG ACG TCC CAG ACT ACG  CTG GCG CAC CTG GAG CCA TGG TGA GCA AGG GCG AGG AGC3=and 5=-GTT GGA ATT CTG CAG TCG CGG CCG CTT TAC TTG-3= using the vector pegfp (Clontech, The Netherlands) as template and ligated into the PstI site at the C terminus of bar2t. All transformed pheromone receptor genes were expressed under their native promoter. Fluorescence microscopy and immunostaining. For microscopic analysis, sterile glass coverslips were placed on an agar plate such that hyphae could attach to and grow onto the slides after 2 to 4 days of cultivation. Mycelia of S. commune were fixed for 90 min at room temperature with methanol and PME {50 mM PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)], pH 6.7, 25 mM EGTA, pH 8.0, 5 mM MgSO 4 } plus 3.7% formaldehyde. Coverslips were then washed with PME and the cells were treated with 3% lysis enzyme (Trichoderma harzianum; L1412; Sigma, Germany) and 50% egg white. The cells were permeabilized with 0.3% Triton X-100 in phosphate-buffered saline (PBS; 137 mM NaCl, 2.68 mM KCl, 8.09 mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 , pH 7.4). Nonspecific binding sites were blocked with 3% bovine serum albumin (BSA). The 1st antibody (mouse anti-HA 2367; Cell Signaling) was diluted 1:200 in PBS with 3% BSA, and coverslips were incubated overnight at 4°C. The fluorescein isothiocyanate (FITC)-labeled 2nd antibody (FITC-antimouse; F4018; Sigma) was diluted 1:100 in PBS and incubated for 60 min at 37°C. Following every incubation step, the coverslips were washed with PBS at least once. Nuclei were stained with DAPI (4=,6-diamidino-2=-phenylindole dihydrochloride; 0.1 to 1 g/ml) added to the mounting medium (0.1 M Tris HCl, pH 8.0, 50% glycerol, and 1 mg/ml phenylenediamine). The mycelia were examined with a fluorescence microscope (Axioplan2) and confocal laser scanning microscope (LSM 5 Live) (Carl Zeiss MicroImaging, Jena, Germany). Images were processed with SPOT imaging software (Diagnostic Instruments, Sterling Heights, MI) and ZEN software (Carl Zeiss, Jena, Germany).
Quantitative real-time PCR and Northern hybridization. Mycelia were harvested, frozen in liquid nitrogen, and ground with mortar and pestle to a powder. Total RNA was isolated from not more than 100 mg of tissue powder using a commercial kit (RNeasy plant minikit; Qiagen, Hilden, Germany). Reverse transcription was performed using 1 g of total RNA in a 20-l reaction mix (iScript cDNA synthesis kit; Bio-Rad, Munich, Germany). For each real-time PCR, we used 2 l of cDNA as template in a 25-l reaction mix that additionally contained 12.5 l 2ϫ reaction mix [1.25 U Hot Taq DNA polymerase, 0.4 mM deoxynucleoside triphosphates, 40 mM Tris HCl, pH 8.55, 32 mM (NH 4 ) 2 SO 4 , 0.02% Tween 20, and 4 mM MgCl 2 ; peqGold hot start mix Y; Peqlab], 7.5 l water (nuclease free), 1 l of each primer (10 pmol/l), and 1 l SYBR green I (using a 1:2,000 dilution of the stock reagent; Molecular Probes, Invitrogen) using a SmartCycler II thermocycler (Cepheid). The PCR program consisted of 5 steps (initial denaturation for 120 s at 94°C; 45 cycles of denaturation for 20 s at 94°C, annealing for 20 s at 50 or 55°C, and extension for 20 s at 72°C; and a final melting curve analysis at 60 to 95°C with 0.2°C/s). The SYBR green fluorescence was detected (excitation, 450 to 495 nm; emission, 510 to 527 nm) during both the extension phase of each cycle and the subsequent melting curve analysis. For amplification of the target genes bar2 and bap2 (2) , as well as the reference genes act1 and tef1, the following oligomers were used: 5=-ATTACTCTTGGCGCCTCT GTA-3= and 5=-AATGAGAGCGTCGACCATGACT-3= for bar2 (yielding a product of 138 bp), 5=-TTACTGATAGTCACAGATA-3= and 5=-ATGG CGAACCGGAC-3= for bap2(2) (87 bp), 5=-GTCCGCCCTCGAGAAGA GTTA-3= and 5=-TTGTACGTCGTCTCGTGGATA-3= for act1 (141 bp), and 5=-AGCTTGGCAAGGGTTCCTTCA-3= and 5=-AACTTCCAGAGG GCGATATCA-3= for tef1 (97 bp). The primers for bar2, act1, and tef1 span an intron to identify potential genomic DNA contamination. The gene bap2(2) has a total length of only 87 bp and has no intron. Annealing was performed at 55°C for all genes except bap2 (2) , which was amplified at an annealing temperature of 50°C. The calculation of the gene-specific efficiencies was based on the slope of a standard curve generated from a series of different cDNA concentrations (0.04, 0.2, 1, 5, 25, 50, 100, and 200 ng cDNA/25-l PCR mixture). cDNA was derived from a mating interaction between two compatible wild-type strains (12-43 ϫ 4-39). The PCR efficiency for bar2 was 1.83 (corresponding to 83% of exponential expression), that for bap2(2) was 1.53 (53%), that for act1 was 2.1 (110%), and that for tef1 was 2.0 (100%).
Since the receptor and pheromone genes between different strains are not alike at the DNA sequence level but belong to the same family of gene products, the primer combinations were tested with templates of different B␣ specificities. The receptor and pheromone primers gave no amplification with specificities other than B␣2 (data not shown). The genes act1, coding for actin, and tef1, coding for translation elongation factor EF1␣, were suitable reference genes with stable expression levels under the tested conditions.
The expression of the target genes was determined relative to the expression of reference genes, which were used for the normalization of expression between samples. We measured expression levels in mycelia isolated at a progression of different times during the mating interaction (after 3, 6, 9, 12, 24, 30, 48, 54 , and 72 h; samples t 3 through t 72 ). These times correspond to mycelia of different nuclear distributions. Sample t 0 corresponds to a mix of two monokaryons which have been brought together directly before sampling (t 0 ϭ monokaryon, 0 h) and reflects the basal level of expression (control). For each time and individual mating interaction, the total RNAs of three independently grown mycelia have been isolated and transcribed into cDNA in duplicate, and each one was used as a template in real-time PCR, also measured in duplicate. The expression of the target genes was normalized and quantified relative to the expression of the reference genes and was also corrected for the calculated efficiency (45, 68) . Northern hybridization experiments and the labeling of the receptor and pheromone cDNA fragments were performed as described previously (21) .
Microarray-based transcriptome analysis. Quantification of transcriptome changes associated with mating interactions was performed in order to identify signaling components and targets of pheromone response. In addition, an S. commune strain showing the thin phenotype was investigated to resolve the role of Thn1 in mating. The microarrays (febit biomed GmbH, Heidelberg, Germany) used in the present study contain probes for all 13,181 predicted genes of S. commune. It is based primarily upon the November 2008 version of the Schizophyllum commune (version 1.0) genome using strain H4-8 (A 4, 6 ;B 3,2 ). The probes (oligonucleotides of ϳ50 bases in length) have been spotted on Geniom Biochips. The strains and mating interactions were investigated in microarray analysis in two biological or technical replicates (Table 1; see also Table S1 in the supplemental material). Genes which show regulation (fold change, Ն2) between the two monokaryotic strains 12-43 and 4-39 were eliminated from all other comparisons as strain-specific differences (Fig. 2) .
A comparison of the A on condition versus 4-39 (Mon2) yielded what were defined to be A-regulated genes. In contrast, B-regulated genes were defined by comparing B on versus Dik: this assumes that hyphae activated for B-dependent regulation (B on ) are more related to dikaryotic hyphae containing nuclei of both mating partners after nuclear migration. At the same time, no gene was included from the former set (A-regulated genes) so as not to involve cross-pathway signaling between A and B (Fig. 2) .
Differentially expressed genes of the thin phenotype were up-or downregulated in both of the comparisons made: 12-43 (Mon1) versus W22-thin and 4-39 (Mon2) versus W22-thin (Fig. 2) . To identify regulated genes influenced by the C-terminal region of Bar2, we defined two criteria: genes had to be up-or downregulated in both comparisons: Dik-Vbar2t versus Dik and Dik-Vbar2t versus Dik-Vbar2f. In addition, these genes were unregulated in Dik-Vbar2f versus Dik (Fig. 2) .
For each array, 1 g of total RNA was labeled using the MessageAmpbiotin enhanced RNA kit from Ambion. Hybridization was performed automatically for 16 h at 45°C using RT-Analyzer (febit, Heidelberg, Germany). The biotin-labeled nucleic acid was detected using streptavidinphycoerythrin (SAPE) in combination with consecutive signal enhancement (CSE). Feature recognition using the Cy3 filter set and signal calculation were automatically analyzed within milliseconds using the Geniom RT-Analyzer (febit, Heidelberg, Germany). For preprocessing, all data analyses of the febit microarrays were performed using the LIMMA (linear models for microarray data) packages of the Bioconductor software (18) . Background correction was performed using the intensities of blank probes that consisted of only a single T nucleotide. The median background intensity was subtracted from the spot intensity. After converting any negative values to a low-positive value (8), signal intensities were log 2 transformed, and duplicate spots were averaged. The data obtained were processed using quantile normalization. To identify the genes with the greatest evidence of differential expression, a linear model fit was applied for each gene using LIMMA. Candidate genes were selected for further analysis on the basis of their fold change (Ն5) in expression and their P value (Յ0.05).
Microarray data accession number. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (9) and are accessible through GEO Series accession number GSE26401 (http: //www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE26401).
RESULTS
Expression of pheromone receptor and pheromone genes during mating interactions. In order to assess the expression of both pheromone receptor and pheromone genes during the life cycle of S. commune, a specific pheromone receptor gene, bar2, and a corresponding self-pheromone gene, bap2 (2) , were analyzed by quantitative real-time PCR. As expected, expression levels for both mating type-specific genes were low in monokaryons (t 0 ), and expression was specifically induced during mating interactions. In a time series from 0 to 72 h (t 0 to t 72 ) during a compatible mating interaction, the expression of the receptor gene bar2 increased gradually to a 3-fold higher level in the first 9 h and reached a maximal change of 8-fold after 12 h (Fig. 3) . Subsequently, the expression of bar2 gradually decreased to a low level comparable to monokaryotic expression levels. The expression of the pheromone gene bap2 (2) increased to a maximum of a 3-fold increase over baseline after 12 h, decreasing shortly thereafter (Fig.  3) . In contrast to the receptor, however, pheromone expression increased steadily and then again up to 2.5-fold after 72 h. Overall, the expression levels of receptor gene bar2 and pheromone gene bap2 (2) in wild type were extremely low, reaching the threshold level only after 26 and 29 to 32 cycles, respectively, while the reference genes act1 and tef1 amplified with mean threshold cycles of 15 and 21, respectively.
The quantitative RT-PCR measurements of bar2 and bap2 (2) were in accordance with those from Northern blot experiments determining both bbr1 receptor and bbp1(1) pheromone gene expression in a time series from 3 to 12 h (Fig. 4) . Induction of genes encoding receptors bar1 and bbr1 as well as pheromones bbp1 (1), bbp1 (2) , and bbp1(3) was obtained in A on and B on semicompatible matings, although the signals in these interactions were lower than those in a compatible mating leading to dikaryon formation (Fig. 4) .
The pheromone receptors of S. commune contain long intracellular C termini and are considerably longer than those of the S. cerevisiae Ste3 pheromone receptor. Thus, specific intracellular binding sites for regulatory proteins could be present and might also perform a function in the regulation of expression. This prompted us to measure expression levels with quantitative RT-PCR in the transformant Vbar2t, which carries only the one truncated receptor gene (bar2t) but lacks all other B mating genes. The expression level of bar2t was determined to be slightly higher than the expression level of bar2 in a wild-type strain at t 0 (Fig. 3D ). The induction of expression upon mating was lower, however. The truncated gene also showed a slower increase in expression, which prompted us to carefully reexamine its phenotype.
C-terminal truncation of the pheromone receptor affects clamp fusion. We examined the B null transformants containing either the entire, full-length pheromone receptor gene bar2f or the truncated version, bar2t, in order to investigate the potential functions of the long intracellular C terminus of the receptor. Integration of either bar2f or bar2t reconstituted the wild-type phenotype of mating competence in monokaryotic, vegetative mycelium. Pheromone receptor transformants developed mycelia (substrate and aerial) that grew in a normal fashion, but with a slightly smaller colony diameter than wild-type strains (data not shown). Pheromone receptor transformants mated with fully compatible partners (A B ) and showed the expected unilateral nuclear migration and formation of apparently clamped mycelium on the side of the receptor transformant. Both versions of the receptor recognized pheromones of all other B␣ specificities but the selfspecificity B␣2, and clamp structures were formed at every septum. In transformants carrying a truncated receptor gene, a delay in development was seen, with these matings taking 1 to 2 days longer before clamp cells became visible, correlating well with the delayed upregulation of receptor and pheromone gene expression measured by RT-PCR. Closer examination of all fully compatible crosses (A B ) involving transformants carrying either bar2f or bar2t alleles revealed the formation of pseudoclamps with a trapped nucleus in the unfused hook cells (Fig. 5) . The tip cells of mated receptor transformants contained two nuclei and hence were dikaryotic. Subterminal cells often contained only one nucleus, while the other remained trapped in the unfused pseudoclamp (Fig. 5 ). For analysis, we classified four states of clamp fusion: (i) three successive clamps behind the tip cell are fused clamps, (ii) only the first clamp (closest to the tip cell) is still unfused, (iii) all three clamp connections are pseudoclamps, and (iv) an alternate distribution of pseudoclamps and fused clamps occurs (Fig. 6 ). Using this classification, it was observed that in wild-type mating interactions, clamp fusion in tip cells was not (yet) completed in 35% of the cases, while all subterminal cells had only fused clamps. In transformants carrying either bar2f or bar2t, however, all four patterns occurred, albeit with a higher rate of clamps in the transformant with the full-length gene bar2f (Fig. 6) . Thus, the 118 aa missing from the C terminus in Vbar2t influence the correct and timely development of dikaryotic hyphae.
Truncation of Bar2 affects fruit body development and spore production. Despite the formation of pseudoclamps, the receptor transformants Vbar2f and Vbar2t were able to develop fruit bod- ies. However, fruit body development often stopped before maturity. Lamellae were either absent or malformed, but production of spores was recorded nevertheless (Fig. 7) . The spores produced from transformants carrying bar2t lacked nuclei in high proportions (Ͼ70%). The majority of the spores of receptor transformant Vbar2t showed only mitochondrial DNA staining, appearing as small spots distributed all over the cell (Fig. 8) . However, a small proportion of nucleated spores was formed in transformant Vbar2t, and these were able to germinate and to develop into monokaryotic mycelia. This is in contrast to the wild type, where spores generally contain two nuclei per spore (Fig. 8 ) and germinated at almost 100%. Transformants carrying bar2f showed an intermediate phenotype, with anucleated spores and wild-typelike spores being observed (Fig. 8) .
Cellular localization of pheromone receptor. We decided to utilize the enhanced level of pseudoclamps for in vivo and in situ localization of receptor molecules. The prolonged presence of unfused clamp cells allowed us to examine the short-distance attraction between interacting cells. For this purpose, the receptor gene bar2t C-terminally fused to both Gfp and HA allowed us to perform both in vivo observations and immunofluorescence staining of fixed cells, respectively. When this fusion construct was transformed into the B null recipient strain, complementation was observed for mating functions with all non-self-B␣ specificities, as was the case for the untagged pheromone receptors. The hyphae produced from the matings showed the expected occurrence of pseudoclamps, with no apparent effect of the Gfp-HA tag on receptor function.
Expression of the Gfp-tagged receptor was induced by a mating interaction with a compatible wild-type strain, and fluorescence could be detected in pseudoclamps, at the cell periphery, and in vesicles (Fig. 9) . Thus, in vivo visualization confirmed the presence of receptor molecules within pseudoclamps, while staining of the nuclear envelope was never observed. To independently confirm the results, the same transformants were used for immunofluorescence detection of the receptor. At the low expression levels observed for the receptor gene, we reasoned that the signal enhancement inherent in antibody detection would be of benefit to our analyses. Localization of the receptor with predominant occurrence at the cell periphery was consistent with our observations of membrane localization in pseudoclamps and clamp connections, utilizing an FITC-labeled antibody specific for the HA tag (Fig. 9) . The fluorescence signal was especially intense at the septa, which we interpret to be a result of cell membranes on both sides of a single septum. For some pseudoclamps, detection of Gfp-tagged receptor failed, presumably for those trapping a wild-type nucleus not carrying Gfp.
Since the expression of pheromone receptor protein was shown to be induced in compatible mating interactions, fluorescence analyses were performed predominantly on mycelia derived from mated cultures. When monokaryotic, vegetative mycelium of the tagged Gfp-receptor transformants was investigated, no clear fluorescence signal was detectable for either Gfp or HA, because of the extremely low expression levels under these conditions (data not shown). Mycelia of untagged wild-type strains were used as negative controls in fluorescence microscopy. While the wild type forms fruit bodies with ordinary pseudolamellae, the transformants show defects in fruit body development, resulting in fewer or absent pseudolamellae. Bars, 0.5 cm.
FIG 8 Spores of
Schizophyllum commune in the wild type (a and b) or pheromone receptor transformants encoding either the truncated receptor (Vbar2t) (c and d) or the full-length receptor (Vbar2f) (e and f). Spores were obtained from fruiting bodies generated from compatible crosses with strain 4-39. While almost all wild-type spores contained two nuclei (b), more than 70% of the spores from the truncated receptor transformants did not contain nuclei and only mitochondrial DNA was stained (d). The spores derived from outcrosses of the full-length receptor transformant Vbar2f showed a higher incidence of two nuclei than spores derived from outcrosses with the truncated version (f).
Downstream signaling and target genes of pheromone response. In order to identify genes responding to pheromone signaling at the transcriptional level, we used whole-genome microarrays hybridized with cDNA derived from different mating interactions. These interactions included the heterokaryotic A on , heterokaryotic B on , and dikaryotic (A on and B on ) conditions. Overall, 26% of the entire genome was determined to be transcriptionally regulated (fold change, Ն2; P Յ 0.05) due to mating interactions. This can be broken down into 974 genes (7% of the genome) regulated by activation of the A pathway, 1,480 genes (11% of the genome) regulated by the B pathway, and 1,016 genes (8% of the genome) regulated by both A and B. The last type of regulation was not analyzed further, since mushroom formation would likely override or obscure any direct effects of combined A and B regulation. A higher threshold for transcriptional regulation (change, Ն5-fold) yielded 89 A-regulated genes (41 up, 48 down; Tables S2, S5 , and S6 in the supplemental material), corresponding to 0.7% and 1.6% of the genome, respectively. According to KOG (euKaryotic Orthologous Groups) classification, putative protein domains and general functions for the obtained regulated genes were classified (Fig. 10) .
As is evident from this analysis, more genes were regulated by activation via action of the B mating type genes than through the A-dependent pathways. We found that the A mating type genes, which code for homeodomain transcription factors, primarily activate genes involved in signal transduction, defense mechanisms, transcription, and cell cycle control, while genes involved in carbohydrate metabolism are downregulated. Specifically, the increased expression of genes coding for a splicing coactivator subunit (protein identifier [ID] 234140) and the large subunit of an RNA polymerase II (ID 112761) hints to an enhancement of transcriptional activity (Table 2) .
In contrast to the A pathway, the response to B activation was associated with more than 2-fold the number of transcriptionally regulated genes. Most of the differentially expressed genes are upregulated and involved in information storage, metabolism, and P Յ 0.05; green, upregulation; red, downregulation). KOG classification: cellular processes and signaling (M, cell wall/membrane/envelope biogenesis; N, cell motility; O, posttranslational modification, protein turnover, chaperones; T, signal transduction; U, intracellular trafficking, secretion, and vesicular transport; V, defense mechanisms; W, extracellular structures; Y, nuclear structure; Z, cytoskeleton), information storage and processing (A, RNA processing and modification; B, chromatin structure and dynamics; J, translation, ribosomal structure and biogenesis; K, transcription; L, replication, recombination, and repair), metabolism (C, energy production and conversion; D, cell cycle control, cell division, chromosome partitioning; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; G, carbohydrate transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism; P, inorganic ion transport and metabolism; Q, secondary metabolites biosynthesis, transport and catabolism), and poorly characterized (R, general function prediction only; S, function unknown). (Table 3) . Intracellular modification of pheromone signaling. To obtain more information on cellular pathways involved in sexual development, we investigated several mutant strains affected in mating interactions. The influence of Thn1 was examined by the expression profiling of a homokaryotic S. commune strain expressing a thin phenotype. The 114 regulated genes (72 up, 42 down) ( Fig. 10; see Tables S7 and S8 in the supplemental material) showed high overlap with cellular responses, in accordance with the known RGS function of Thn1 as a repressor of G-proteincoupled signaling. Upregulated genes included those influencing processing and posttranslational modification or genes with a stress-related protein function. Proteins involved in biogenesis of the cell wall or membrane turnover were identified among both the up-and downregulated genes, suggesting reprogramming of the cells via genetic means (Table 4; see also  Tables S7 and S8 in the supplemental material). Among the upregulated genes, we also found several candidates for chitinases (IDs 85084, 85210, 46134, 79630) and other glycoside hydrolases (family 61, IDs 60863, 16233, 41145; family 5, ID 16928; others, ID 234329), suggesting functions associated with a reorganization of the cell wall. The expression of thn1 itself was highly downregulated in a loss-of-function thn mutant compared to a wild-type homokaryon ( Table 4) .
The truncation of the intracellular C terminus of the receptor would be predicted to interfere with some intracellular proteinprotein interactions upon pheromone stimulation. Only 25 genes with predicted function (46 in total) were altered in expression at least 5-fold ( Fig. 10 ; Table 5; see also Tables S9 and S10 in the supplemental material). A strong effect on genes involved in cellular processes and signaling was observed, with changes ranging from 10-to 60-fold in magnitude. Of specific interest was the finding that a small GTPase involved in nuclear protein import (ID 43735) was downregulated more than 1,000-fold (Table 5) .
DISCUSSION
The localization of the pheromone receptor protein in hyphae of the fungus S. commune provides an important link between pheromone perception and the cellular responses to that signal (55) . In this study, the pheromone receptor was visualized at the cell periphery, consistent with a localization in the plasma membrane. No evidence of nuclear membrane localization, as has been proposed in some previous hypotheses, was found (5, 60) . Another prediction of these models was that pheromone receptors would be expected to be localized in the plasma membrane close to the encoding nucleus by virtue of localized expression and incorporation. We did not observe an increased occurrence of fluorescence label in areas close to one of the nuclei in the dikaryotic cells. The involvement of pheromone activity in nuclear pairing could not be verified by receptor localization in vivo and in situ.
Prior unsuccessful attempts to localize the pheromone receptors in mushroom-forming basidiomycetes with Gfp labeling were attributed to the low level of expression of the B genes, also confirmed in this study. For these reasons, it seemed of vital importance to determine the critical parameters necessary for high receptor expression under natural conditions. This goal was greatly facilitated by the induction of mating in many hyphal compartments at the same time through the setup consisting of a top-to-top sandwich formed from two pregrown mycelia. This experimental system allowed us to define the period of highest expression to a time between 6 and 12 h in mating interactions of compatible strains. To the best of our knowledge, this is the first time that a pheromone receptor has been localized in the hyphae of a mushroom-forming fungus.
Because the B genes regulate both nuclear migration and the fusion of clamp cells, pheromone activity could be envisioned to play a key role in the upregulation of pheromone expression in as yet unfused clamps. It follows that pheromone receptors would be expected to be localized to the plasma membrane of pseudoclamps and to the hyphal cell close to the fusion site. However, localization studies were hampered by both the low expression level of the pheromone receptors and the transient nature of hook cell formation, which is normally completed along with a fused clamp connection within seconds (59) . The unexpected finding that clamp cell fusion was inhibited in mated mycelium of receptor transformants carrying a C-terminally truncated receptor gene enabled us to detect a fluorescence signal predominantly in unfused pseudoclamps. The Gfp-tagged receptor could be clearly localized at the cell periphery in association with the plasma membrane. In addition, septa of the clamped mycelia gave a strong signal. Mislocalization of the tagged receptor seems unlikely because transformants of the B null mutant integrating this construct exhibited the normal self-versus non-self-recognition phenotype characteristic of wild-type cells. Clamp connections were formed more slowly than wild-type mating interactions, but this was also observed in nontagged truncated and full-length receptor transformants. While the transformants did contain mostly one copy of the respective gene (but in one case the transformant contained up to five copies of the respective gene), a difference in phenotype was not connected to copy number, neither for number of pseudoclamps formed or fruit body formation nor for formation of anucleate spores.
In our receptor transformants of the B null recipient strain, the distribution of nuclei in mated mycelia was disturbed, with one nucleus being trapped in the unfused clamp cell and the other being trapped in the main hyphal compartment. Thus, two monokaryotic compartments were formed, resulting from the failure to achieve the dikaryotic condition after the initiation of mitosis and clamp formation. The strong fluorescence visible in pseudoclamps is an indication for mating competence associated with higher levels of receptor within that cellular structure. A fluorescent signal would be visible only in those unfused pseudoclamps trapping a transformed, Gfp-receptor-encoding nucleus and not those trapping an untransformed nucleus. Given that we did not observe fluorescence in every unfused pseudoclamp that had trapped a nucleus, this observation supports the idea of positioning of either nucleus within the newly formed clamp. However, we did not observe a regular, alternating distribution for the nuclei going into the hook cells of S. commune, as has been demonstrated for C. cinerea (24) . Rather, nuclear distribution is mixed in accordance with the possibility of nuclei randomly passing each other within a hyphal compartment upon nuclear migration (11, 36, 37) . Endocytosis and replacement of receptor molecules or, alternatively, the strong expression and membrane incorporation of new receptor molecules are needed to allow the localization in situ and in vivo in pseudoclamps without diffusion of the label into adjacent cells. In our study with the truncated Gfp-labeled pheromone receptor, we could detect the receptor in vesicles and endosomes, cellular structures known to be involved in receptor internalization and degradation after induction with pheromone in S. cerevisiae (34) . In S. cerevisiae, Ste3 pheromone receptor protein is short-lived and is rapidly removed from the cell surface via endocytosis (10, 57) . The recycling of pheromone receptor via constitutive endocytosis has also been described for U. maydis, where the tagged pheromone receptor Pra1::Gfp is internalized by early endosomes and localized in vacuoles (17) .
To investigate processes under the respective control of A and B mating type genes, microarray analyses were performed. Since different specificities are reflected in the sequence divergence between alleles of the mating type genes, detection of these genes was limited to the specificity of the sequenced strain H4-8 (A 4,6 B 3,2 ). The increased expression of homeodomain protein-encoding gene aay4 was seen in a semicompatible mating interaction of strains differing in A specificity. Accompanying this interaction, we also detected a strong activation of the gene clp3, which encodes a protein similar to Clp1 of C. cinerea. The Clp1 protein promotes hook cell formation in that fungus, and a loss-of-function mutant strain exhibited a clampless phenotype (23) . A similar protein in U. maydis, Clp1, is required for the formation of dikaryotic hyphae in planta and also triggers the development of clamplike structures (58) . Within the S. commune genome, five Clp1-like proteins were identified, but only the expression of clp3 is regulated under all tested conditions, making this the most likely candidate for transcriptional regulation during A-specific development. During this process, we also detected an upregulation of both a catalytic subunit of cAMP-dependent protein kinase (PKA) and dystonin, which is a growth-arrest-specific protein. Although not expected for S. commune, cell cycle arrest is a specific pheromone response known to occur in both S. cerevisiae and U. maydis (33, 58) . Thus, transcriptome analysis can sometimes support evolutionary conservation of pathways not obvious from phenotypic observation. However, it can be inferred that during the initial stages of mating and before ongoing nuclear migration ensues, a cell cycle arrest would occur in order to synchronize the two different nuclei involved in mating.
Transcriptional regulation associated with the B pathway revealed a massive reorganization of metabolism and induction of several signaling pathways, even at the stringent cutoff value of 5-fold changes in expression. The downregulated gene brl3, which is located next to the known pheromone receptor genes at B␣, was shown before to be highly expressed in monokaryon and decreased in mating interactions (41) . The downregulation of brl3 in pheromone response hints to a function of this gene as a repressor under homokaryotic, nonmated conditions. From the genome, the G-protein-associated downstream pathway in sexual development and involvement of G ␤␥ signaling have been predicted (55) . The transcriptional induction of a predicted G ␤ subunit of a heterotrimeric G protein under B on conditions hints to an activating role of this G ␤ in pheromone response.
A B null strain (16) which carries a large genomic deletion and has never been observed to respond to a potential mating partner has previously been used to study the function of ectopically inte- grated receptor genes expressed under the control of their native promoters (approximately 300 bp). In these transformants, receptor expression was lower and delayed compared to wild type. This is consistent with the delay in mating response of these receptor transformants to a compatible tester strain. On the other hand, the comparatively lower expression levels might also be the consequence of the fact that no pheromone is produced by these B null receptor transformants to trigger nuclear migration in the wildtype mating partner. This results in a unilateral mating (30) where only half the cells in the sandwich overlay are in fact activated for B-regulated development. The formation of pseudoclamps is a phenomenon which has been observed earlier in semicompatible mating interactions (A Bϭ), where nuclei enter the hyphae of the mating partner only at the fusion point. This results in the formation of some pseudoclamps and the death of hyphae in the fusion area (53) . In contrast to these bona fide semicompatible mating interactions, the formation of pseudoclamps in mated bar2f and bar2t receptor transformants occurs throughout the colony, with higher occurrence in the latter. This phenotype remained stable, and the mated mycelium was able to develop fruiting bodies and produced spores in both types of receptor transformant matings. Nevertheless, more basidiospores arising from those matings involving transformants integrating the truncated receptor were observed to be anucleate. Thus, a role of the C terminus in nuclear migration toward the spore can also be postulated. The intracellular regions of S. commune pheromone receptors are considerably longer than those found in other fungi (3, 35, 69) . No influence of C-terminal truncation of S. commune receptors on ligand binding and pheromone discrimination like that found for C-terminal truncations of the Ste2 pheromone receptor of S. cerevisiae (56) has been observed (19, 20, 22) . In our study, we found that the truncated bar2t receptor of 518 amino acids still induces B-regulated development, as does the 636-amino-acid full-length bar2f receptor. However, the downstream signal cascade seems to be affected by the truncation, the result of which is a change in the expression of downstream genes. An example of this is the small GTPase regulator (RanGEF) commonly involved in nuclear protein import, whose expression is drastically reduced in the truncated receptor transformants.
The pheromone receptors in S. commune are expected to interact with the RGS protein Thn1, a homolog to the S. cerevisiae protein Sst2. Deletion of Sst2 (⌬sst2) results in hypersensitivity to pheromone (2, 28, 34, 56) . The deletion of thn1 in S. commune also resulted in an increase of pheromone sensitivity (13) . In wild-type cells, Thn1 is expected to bind to the unphosphorylated receptor protein and inhibit pheromone response prior to mating, while after ligand binding, internalization is enabled and/or turnover is increased.
We determined that the expression of thn1 is strongly downregulated within the mutant with the thn mutation, which affects both A-and B-regulated signaling. An influence on the redox status, possibly related to the characteristic odor of the thn mutant strains by release of reduced molecules, is reflected by an upregulation of glutathione S-transferase and downregulation of cytochrome monooxygenase P450. The results of the present study confirm earlier observations that link cell integrity as well as cell wall and membrane synthesis to B-regulated development (47) . The strong reduction of aerial mycelium formation seen in B on as well as in thn mutants correlated, in both cases, with the absence of hydrophobin expression, as evidenced by the results of our microarray experiments. With our study, we could localize the pheromone receptor to the cell periphery, with higher expression in unfused pseudoclamps. B pathway activation and its function in clamp fusion could be linked to the intracellular C terminus, where RGS binding impacts development of sexual structures and the formation of clamp connections as well as nucleated spores. Using mushroom-forming S. commune, pheromone signaling in a tetrapolar mating system was linked to cell biology which previously had not been apparent from investigation of other fungal systems, including the yeast S. cerevisiae. The transcriptome analysis could show an extensive set of genes being regulated. The phenotype reflects this fact, with extended growth of mycelia after semicompatible induction of the B pheromone response pathway. The study on genes regulated by mating interactions allowed us to identify processes and genes, including clp3, involved in regulation of mating type-dependent pathways. 
